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Abstract: The possibility of detecting a Higgs boson through several production and decay 
channels is instrumental to the measurement of its couplings. In this paper we study the 
pp — > ttH, H — * t + t~ channel at the LHC, for the case of a scalar Higgs boson, and use the 



obtained results to improve on existing strategies toward a model independent determination 
of the Higgs boson couplings. The case of a scalar Higgs boson with mass below 140 GeV 
looks particularly promising. 
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1. Introduction 



The search for a Higgs boson in the mass region between the experimental lower bound 
and the Z-boson production threshold is among the most important goals of present and 
future hadron colliders. The lower bound on the Higgs boson mass has been set by LEP 
at M H > 114.1 GeV for a Standard Model (SM) Higgs boson [§, and at M h o > 91.0 GeV 
and M A o > 91.9 GeV respectively for the light scalar and the pseudoscalar Higgs bosons 
of the Minimal Supersymmetric Model (MSSM) Q. At the same time, precision fits of the 
Standard Model point to the existence of a SM Higgs boson with mass below approximately 
196 GeV ||, while the MSSM requires the lightest scalar Higgs boson to have a mass below 
approximately 135 GeV ||. 

Evidence for a Higgs boson particle in the mass range up to about 180 GeV could be 
provided by the Run II of the Fermilab Tevatron. The discovery of a relatively light Higgs 
boson at the Tevatron is in fact one of the greatest expectations we can harbor for the pre- 
LHC era. However, the statistics available at the Tevatron will not be enough to measure 
the couplings of the discovered Higgs boson. Higher energy hadron colliders, like the LHC 
(Large Hadron Collider) and its upgrade, the SLHC, or even higher energy future hadron 
colliders like a VLHC (Very Large Hadron Collider), will explore the entire Higgs boson mass 
spectrum up to the TeV scale, and will also have enough statistics to shed some light on 
the pattern of its interactions. A high energy e + e~ Linear Collider could then provide the 
best environment to frame the nature of any discovered Higgs boson unambiguously. In this 
context, the indications coming from the LHC will be extremely important, and all efforts 
should be made to use the potential of this machine at best. 

During the last few years we have witnessed a dramatic improvement in both experimental 
and theoretical studies of several Higgs boson production channels and decay modes. In spite 
of the fact that gluon-gluon fusion, gg — > H, is the leading scalar Higgs boson production mode 
at the LHC and its upgrades, subleading production modes, like weak boson fusion, qq — > qqH, 
and associated production with top quark pairs, pp — > ttH, are extremely important to 
provide complementary informations and allow unique determinations of ratios of Higgs boson 
couplings. Strategies like the one proposed in Ref. || show how the combined informations 
from both gg H, (H -> 77, ZZ, WW) §, 0, § and qq -» qqH, (H -> 77, rr, WW) §, [K], 



O. 12, 13, Q4[ can confirm the Standard Model (SM) paradigm and, under this assumption, 



determine the width of the discovered Higgs boson with good accuracy. These studies have 
been further updated to include the results of recent analyses oipp — ► ttH, (H — ► bb, W + W~) 



16, 17, 18 1 and preliminary results on pp — * WH, H —* bb [19], and estimates of the 



accuracies on individual SM Higgs boson couplings to both SM fermions and gauge bosons 



have been presented pQ, 21 



In this paper we study the pp — > ttH, H — > t + t~ channel, where a scalar Higgs boson 
H is radiated off a top quark or antiquark and decays into a t + t~ pair, at the LHC with 
y/s = 14 TeV, and we use our results to improve on existing strategies toward a model 
independent determination of the couplings of a scalar Higgs boson to both SM fermions and 
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gauge bosons. The scalar Higgs boson H can be thought as the Higgs boson of the SM or 
the light Higgs boson of a Two Higgs Doublet Model (2HDM), including the MSSM, or a 
light scalar Higgs boson of any other more general extension of the minimal scalar sector of 
the SM. Indeed, studying the properties of a light scalar Higgs boson can be instrumental in 
disentangling the first evidence of new physics beyond the SM 1 . 

In particular, we find that a scalar Higgs boson can be observed with good accuracy in the 
pp — > tiH, H — > t + t~ channel for masses Mjj < 140 GeV. For Higgs masses Mjj < 140 GeV we 
then have the possibility of measuring both pp — > tiH, H — > bb and pp — > tiH, H — > t + t~. 
This allows us to remove the assumption, made in all existing analyses, that the ratio of 
the bottom quark Yukawa coupling (jjb) to the r lepton Yukawa coupling (y T ) is SM-like, 
i.e. it goes as the ratio of the corresponding masses. Although many models beyond the 
Standard Model are compatible with this assumption at tree level, they can show sizable 
deviations due to non SM-like loop corrections, which would be missed if the SM-likeness of 
this ratio had to be assumed. This is, for instance, the case of the MSSM in certain region 



of its parameter space p3L 25, 26, 27, [23, 29 1. We note that the ratio yb/Ur could also be 



determined by combining qq — > qqH, H — > t + t~ and qq — > WH, H — > bb, where however 
very high luminosities are required to obtain acceptable accuracies in the WH channel. With 
this respect, the possibility to determine the ratio yb/y T via the pp — ► tiH production channel 
alone represents a definite improvement. Indeed, this measurement is free of the ambiguity 
that comes from the experimental inability of distinguish between WWH and ZZH weak 
boson fusion in qq — > qqH, and can be obtained with lower luminosities. 

We also explicitly release the assumption that the Hgg loop-induced coupling (y g ) is 
mainly determined by the contribution of the top quark loop, as in the SM, and is therefore 
proportional to the top quark Yukawa coupling (y t ). We treat y g and yt as independent 
couplings. This is particularly important in view of recent studies that point at deviations of 
the Hgg coupling from the SM-paradigm in models with extra dimensions [30, 32]. 



We propose a general strategy to determine the width and couplings of a scalar Higgs 
boson to the SM fermions and gauge bosons which is model independent and could be applied 
to any scenario of new physics beyond the SM. As a numerical example, we specify it to the 
case of a SM-like Higgs boson, since most existing experimental studies have been performed 
under this assumption. It is moreover reasonable to expect that the experimental accuracies 
determined in these studies apply also to the case of a generic scalar Higgs boson whose prop- 
erties do not differ dramatically from the SM Higgs boson. Big deviations from the Standard 
Model pattern, like a large enhancement or suppression of certain production or decay modes, 
will anyhow manifest themselves independently of any precision study of Higgs physics. In 
particular, we consider an intermediate mass scalar Higgs boson, and we distinguish between 
two main mass regions, for Higgs boson masses below and above 140 GeV. For Mjj < 140 GeV 
we add to the existing studies the pp — > tiH, H — > t + t~ channel studied in this paper and we 
determine the accuracy expected on the determination of the width, and on the determination 



x For the case of a generic new scalar particle, not necessarily a Higgs boson, see e.g. Ref. [E3| 
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of ratios of couplings and individual couplings of the scalar Higgs boson to the SM fermions 
and gauge bosons. For Mh > 140 GeV both the H — > bb and the H — > t + t~ branching ratios 
are very suppressed and the accuracy of the corresponding channels becomes problematic. 
However, as pointed out in Refs. [20, 18], in this region we can still focus on ratios of Higgs 
boson couplings and determine them with good precision. 

Assuming that the invisible component of the Higgs boson width is negligible, very likely 
new heavy degrees of freedom will reveal themselves as small deviations in the loop-induced 
couplings Hgg and Hjj. We therefore parameterize these couplings in terms of the loop 
contribution of the SM particles plus a contribution due to non SM heavy degrees of freedom. 
As an outcome of our analysis we will be able to estimate the sensitivity of the LHC to 
deviations of the Hgg and Hjj couplings due to non SM heavy degrees of freedom. 

The outline of our paper is as follows. In Section || we present the study of the pp — > 
tiH, H — > t + t~ channel, while in Section [3| we describe the strategy we adopt to determine 
the couplings of a light scalar Higgs boson at the LHC. We summarize and present our 
conclusions in Section 0. 



2. A study of the pp — > ttH channel with H — > t + t 

In this section we study the potential of the LHC to measure the cross section for the pp — > 
tiH, H — ► t + t~ process, where if is a SM-like scalar Higgs boson. This measures the product 
of the top quark and r lepton Yukawa couplings yt x y T and, as we will show in Section ^, is 
instrumental to the model-independent measurement of the couplings of a light scalar Higgs 
boson to both SM fermions and gauge bosons. 

We assume the LHC will run at i/i = 14 Tev with a total integrated luminosity of 
10 34 cm -2 s~~ x . Both signal and background are calculated at tree level in QCD, using the 
CompHEP package [p3|. Accordingly, we use the CTEQ5L set of parton distribution func- 



tions (PDF) 34], with a s (Mz) = 0.127 at leading order of QCD. Both renormalization and 
factorization scales have been set equal to the invariant mass of the t + t~ pair: fx = m TT . For 
the case of the signal /U = m TT = Mh- We note that for this value of fx, the tree- level signal 



cross section effectively matches the NLO result [35), in the intermediate Higgs boson mass 



region. Moreover, we use mt = 175 GeV and m T = 1.77 GeV. We have calculated the Higgs 



boson width and the H ^t + t branching ratio using the HDECAY program 37]. 

In order to unambiguously reconstruct both top quarks as well as the Higgs boson mass, 
we choose the case when one of the top quarks decays leptonically: t — ► biv (where I stands 
for electron or muon and v for the corresponding neutrino), and the other top quark decays 
hadronically: t — ► bqq'. We only consider decays of r-leptons into one or three charged pions. 
This gives one or three charged tracks in the hadronic calorimeter, which, when combined, 
form pencil-like narrow r-jets that we denote by ta. We do not consider leptonic decays of 
r-leptons in order to be able to reconstruct two top quarks. Therefore, for the signal we study 
the bbli , qq'T + T~ parton level signature. 
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For the signal signature under study the only serious background is the irreducible itr + T~ 
background, where the t + t~ pair originates from a Z boson or a photon. This background 
has the same parton level and detector level signature as the signal. One can estimate the 
cross section of other possible irreducible backgrounds, but they are all negligible compared 
to tir + T~ . Indeed, the next obvious irreducible background is Wbbjjr + T~ (where j stands 
for quark or gluon). Even without considering the suppression due to Br{Z — > r + r _ ), its 
cross section is at least four orders of magnitude lower then the cross section for Wbb, because 
of an additional ac? s factor. The cross section for the Wbb process at the LHC is about 30 pb 



"s 

for pj, > 20 GeV and a 6-quark separation cut >0.5 [38]. Therefore we estimate the cross 
section for Wbbjjr + T~ to be at most a few fb. In view also of the fact that we reconstruct 
both top quarks, the contribution from this background process can be safely neglected. One 
can also think of reducible backgrounds like tibb and ttjj, as well as Wbjjjr + T~, Wjjjjr + r~, 
WbbjjW(W — > rv)j or Wbbjjjj, for which one or two jets are misidentified as b-quarks or 
r-leptons. Taking into account that the corresponding misidentification probabilities, e& is of 
the order of 1% and e T is the order of 0.5%, we find that these backgrounds represent at most 
a few percent of the main tir + T~ background, when some of the selection cuts described in 
the following are applied. 

Therefore, for both signal and background we study iir + T~ with a bb£vqq'r + T~ parton 
level signature, equivalent to a (26-jets+jets+^r+2-rj) signature in the detector. Moreover, 
for the pp — * ttr + T~ background process we require that m TT >40 GeV. This avoids consid- 
ering contributions irrelevant to our process. The numerical values of the cross sections for 
both signal and tir + T~ background at the LHC with y/s = 14 TeV are presented in Table |l[ 

For a realistic signal and background simulation we use the following approach. 

• Signal and background tir + T~ processes are calculated using the CompHEP v4.1 pack- 
age. 



We use the CompHEP-PYTHIA interface [39] to simulate the bbiuqq'r + T signature. 



We use TAUOLA v2.6 |4(| to decay polarized r-leptons properly. One should note 
that for the case of the background, the photon or Z-boson decay into t^t^ or t^t^ , 
whereas the scalar Higgs boson decays into either t^t£ or t^t^. Taking into account 
the proper polarization of r-leptons is important, since pion energy distributions are 
just opposite in case of left- and right-polarized tau leptons (for details, see e.g. [f4l|). 





Background: 
pp — > tir + T~ 


Signal: pp — > ttH, H — > t + t 


110 GeV 


120 GeV 


130 GeV 


140 GeV 


CS(fb) 


28.2 


67.7 


47.4 


29.1 


15.2 



Table 1: Cross sections for both signal, pp — > ttH, H — * t + t , and background, pp — > ttr + r , 
processes at the LHC with -^=14 TeV. 
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• Although the analysis is done at the parton level, we take into account the detector 
energy resolution and apply electron and jet energy Gaussian smearing for the electro- 
magnetic and hadronic calorimeters, respectively: 

AE ele /E = 0.2/VE and AE had /E = 0.8/y/E. 

• To reproduce the realistic acceptance for leptons and quarks we require (CUT I): 

1) p e T > 20 GeV, \rf \ < 2.5, AR(£,q) > 0.4, 

2) p\ > 20 GeV, \rf>\ < 2, AR > 0.5, 

as well as a 6-quarks tagging efficiency of 60%, 

3) p% > 20 GeV, \rj q \ < 3, AR > 0.5, 

where AR is the 5(f> and 6rj separation: AR = 5(p 2 + 5t] 2 , for </> the azimuthal angle 
and r\ the pseudorapidity of a given particle. 

• To simulate the effective r-lepton identification (ID) tagging efficiency we require (CUT 
II): 

1) one or three charged 7r-mesons from r decay, 

2) a cut on the minimum transverse momenta of each prong: pl^ > 5 GeV, 

3) a cut on the total transverse momenta of tj: pj, > 20 GeV, 

4) a cut on the pseudorapidity of tj: \rj Tj \ < 2, 

5) AR Tj > 0.5. 

The efficiency of these r-lepton ID cuts varies from 51% to 58%: the lowest efficiency is 
for r leptons from background while the highest efficiency is obtained for Mh = 140 GeV 
signal events. 

• We then follow the standard procedure of reconstructing the neutrino momentum from 
the leptonic decay of one of the top-quarks. We solve the equation for electron and 
missing transverse momenta to form the W-mass, and out of the two solutions for p v z , 
we choose the solution having the absolute value of \p v z \ which would be the right one 
in about 70% of the cases. The smearing of the total missing transverse momentum 
is simulated by calculating the missing momentum in the transverse plane, when all 
particles momenta are summed after having been properly smeared in the respective 
calorimeters, according to the calorimeter energy smearings discussed above. We have 
checked that our resolution for the missing transverse momentum is in a good agreement 
with the ATLAS TDR studies (see Figure 9-34 in Q). One should also notice that we 
cannot distinguish between missing transverse momentum from W and r decays. This 
fact leads to the widening of top-quark invariant mass reconstructed in the leptonic 
channel. 

• For reconstructed top-quarks from the leptonic channel we require that their mass 
satisfies (CUT III): 

175 - m\ < 50 GeV, 

while for hadronically decaying top quarks we require their mass to be in the ±50 GeV 
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Background: 
pp — ► ttT + T~ 


Signal: pp — > ttH, H — > r~ 


N- 


110 GeV 


120 GeV 


130 GeV 


140 GeV 


Eff. of CUTS I+II+III (%) 


0.42 


0.50 


0.52 


0.55 


0.58 


Number of events/100 fb _1 


12 


34 


25 


16 


8.8 


S/VS + B 




5.0 


4.1 


3.0 


1.9 


S/B 




2.8 


2.1 


1.3 


0.7 


5a /a 




0.20 


0.24 


0.33 


0.52 



Table 2: Efficiency of CUTS I+II+III (see text) for both signal and background bMvqq'r + T 
signatures, together with the significance and precision of the the signal cross section measurements 
for M H = 110, 120, 130 and 140 GeV, at the LHC with ^fs = 14 TeV. A total integrated luminosity of 
100 fb _1 is assumed 



mass window: 

\m\ - 175| < 50 GeV. 

• Finally we reconstruct the Higgs boson mass by taking the invariant mass of two t,-: 
MJf = m TjTy This variable should be considered as the effective mass of the Higgs 
boson since we do not take into account nor reconstruct the neutrinos from r-leptons 
decay. 

By following the strategy outlined above and assuming 100 fb _1 of total integrated lumi- 
nosity (one detector), we obtain the overall efficiencies for the bb£i , qq > T + T~ signature shown 
in Table ^. In Figure [l] we plot the corresponding number of events for both signal and back- 
ground as a function of the reconstructed invariant mass MJf . One can see that, for each 
mass in the range Mjy = 110 — 140 GeV, the MTf distribution can be fitted and direct corre- 
spondence to the real Mh mass can be established. For Mjj = 110 — 140 GeV the expected 
accuracy of the cross section measurement is the inverse significance, 5a /a = \/ S + B/S, 
shown in the last line of Table The accuracy of the measurement of the product of Yukawa 
couplings y t x y T is quite good and is equal to half of the y/ S + B/S. It varies from 10 to 
25% for Mh = 110-140 GeV. 

3. Determining the Higgs couplings 

If a Higgs boson candidate is discovered with properties that differ substantially from the SM 
Higgs, other more dramatically new processes will be observed independently of any precision 
study of its couplings. Some decay or production channels will be anomalously enhanced or 
completely missing, and this will be enough to give strong indications of the non-standard 
nature of the discovered particle. If this is not the case, a Higgs boson candidate will very 
likely have production cross sections and decay branching ratios of roughly the same order 
of magnitude of the SM Higgs boson. Indications of its non standard nature could come 
from precise measurements of individual tree level (jji for i = b,t, r, W, Z) or loop induced (y g 
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Figure 1: The MJf invariant mass distributions for the signal (solid line) and background (dashed 
line) Ut + t~ signature at the LHC with y/s = 14 TeV. A total integrated luminosity of 100 fb _1 is 
assumed. 



and y 7 ) couplings, and from the study of ratios of couplings, like yb/y T or yw/yz, possibly 
obtained through different production and decay channels. Following the notation introduced 
in Q, we will develop our analysis in terms of Higgs decay rates, by substituting each Higgs 
coupling square yf with the corresponding Higgs decay rate Tj = T(H — > ii), where the 
final state particles can be either real or virtual. Ratios of couplings can be then measured 
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through the ratios of the corresponding Higgs rates or branching ratios, and are particularly 
interesting, as pointed out in Ref. []|], because their theoretical predictions are less sensitive to 
QCD uncertainties, PDF's uncertainties, and all sort of dependencies that equally affect the 
channels that enter the ratio. Individual couplings can also be measured, but their extraction 
requires some more elaborated strategy, as we will explain in the following. 

In our analysis we consider some of the production+decay channels that have been studied 
in the literature for a SM-like Higgs boson and we include the results for the pp — * tiH, H — > 
t + t~ channel presented in Section |2|. For completeness, we summarize all the available 
channels in the following, together with the main references where they have been studied: 

gg -» H with H -> 77, ZZ, WW § 0, § , (3.1) 
qq -> qqH with H 77, rr, WW |, |h| 0, gj, ||, [l| , 



qq, gg -» UH with H -» 66, tt, WW (TJ, ||, |TJ, gj] and Section 
oa -> Wif with if -» 66 131 . 



Each process in Eq. (3.1) depends on two Higgs couplings, one from the Higgs boson produc- 
tion and one from the Higgs boson decay, except the qq — > qqH channels, that are actually 
combinations of both WWH and ZZH fusion processes. These two modes cannot be dis- 
tinguished experimentally and the accuracies given in Table || refers to the superposition of 
both. To be completely model independent one should work with the actual linear super- 
position of both channels, where the couplings of both the Z° and the W^ gauge bosons to 
fermions are well known, while the y z and y w couplings are unknown. In so doing the ana- 
lytical expressions that we will present later on would become much less transparent, and we 
therefore decide to keep the assumption that the ratio between y z and y w is SM-like, and to 
remove only the model dependence of the y& and y T couplings. Since the couplings of a scalar 
Higgs boson both to the Z° and the W^ gauge bosons are closely related to the EW SU(2) 
gauge symmetry, and since the EW gauge interactions have been proven to be so successfully 
described by the SM, it seems reasonable to assume that y z /y w = y z /Vw > or F z /F w = zsm- 
We note that for Mjj > 130 — 140 the assumption that T z /T w = zsm can be directly tested at 
the 20-30% level by measuring zL 9) /z { z 9) m. As we will discuss more in detail later on in this 



Section, thanks to the availability of the pp — ► ttH, H — * t + t~ channel studied in this paper 
this assumption can also be tested for Mjj < 130 — 140 GeV, when integrated luminosities of 
the order of 300 fb _1 are available. 

Working under the assumption that T z /T w = zsm, the observation of a scalar Higgs 
boson in any of the channels listed in Eq. (|3.1| ) provides a measurement of the corresponding 
ratio Zj defined as 

Zf = ^2 , (3.2) 

where the apex i = g,w,t indicates the production process, the index j = 6, r, w, z, g, 7 indicates 
the decay process, and, as before, we have denoted by Tj the decay rate for H — > jj and by 
r the total Higgs boson width. Only exception to our notation, for qq — ► WH, H — > 66 we 
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define Zf ' =T w T b /T. We summarize in Table ^ the relative accuracy estimated for each 
Z^ in the corresponding studies. We also illustrate these accuracies in Fig. ^, including the 
results on pp — > tiH, H — > t + t _ presented in Section || of this paper. 





110 


120 


130 


140 


150 


160 


170 


180 


Z (9) 


1 1 A 

11.4 


Q Q 


Q A 


i n 1 


±o.o 












23.1 


12.4 


8.9 


7.6 


13.4 


18.8 


10.1 


7 (g) 




42.1 


26.0 


17.0 


14.8 


7.0 


8.0 


16.9 


7 {w) 


13.6 


12.0 


11.9 


13.1 


16.8 








7 {w) 


16.0 


7.1 


4.3 


3.2 


3.7 


2.8 


2.9 


3.3 




9.1 


8.8 


9.9 


13.0 


20.7 








7 (t) 


10.5 


11.4 


14.3 












4*> 


14.1 


17.0 


23.3 


36.7 










7 (t) 






42.0 


29.0 


23.0 


20.0 


21.0 


24.0 


Z 6 


15.0 


19.0 


25.0 













Table 3: Summary of the accuracies (%) on the available production+decay channels for a SM-like 
scalar Higgs boson. All of them assume 2 x 100 ft -1 of integrated luminosity, i.e. 100 ft -1 of integrated 
luminosity per detector, except for zt ] (30 ft- 1 ), Z { b wH) (300 fir 1 ), and (300 ft)- 1 ). The original 
values are from the references listed in Eq. (|3.l| ) and the study presented in Section || of this paper. 

By looking at Table || and Fig. |2[ it seems natural to divide the mass range of an in- 
termediate mass scalar Higgs boson into two main regions, corresponding to Mu < 140 GeV 
and 140 < Mu < 180 GeV. All the existing studies belong to one of these two main mass 
regions. In particular, in the lower mass region, for Mu < 140 GeV, we consider the following 
channels: 

gg — > H with H — * 77 , (3-3) 
qq — ► qqH with H — > 77, rr, WW , 
qq, gg — > tiH with H — > bb, tt , 

while in the higher mass region, for 140 <Mg < 180 GeV we consider the following channels: 

gg^H with H -» ZZ, WW , (3.4) 
qq — * qqH with h — > . 

No other convenient choice seems possible at the moment. Since we would like to work 
with a uniform integrated luminosity of 200 ft)- 1 for all channels (100 ft -1 per detector), we 
decide not to use gg — > H, H — > Vl^VF for M# < 140 GeV, since the corresponding accuracies 
summarized in Table [3| have been obtained using an integrated luminosity of 30 ft -1 and are 
therefore pretty poor in the lower mass region. Rescaling these numbers to a much higher 
luminosity is debatable and we prefer not to base our analysis on that. On the other hand, 
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Figure 2: Relative accuracies on the measurement of the cross section of a scalar SM-like Higgs 
boson in the production+decay channels listed in Table [|. All channels have been rescaled to a 
total integrated luminosity of 200 fb -1 (100 fb -1 per detector), except pp — > ttH, H — ► WW and 
<7<7 W/f, H -^bb for which we use 300 fb" 1 flf, and gg -> ff, -> WW that was studied for 
30 fb" 1 § (see text). 



we rescale the results obtained for — > tiff, H — > 66 from 30 fb 1 [17] to 100 fb , since 



the nature of the signal over background shape justifies that. To account for both detectors, 



many results are then rescaled from 100 fb 1 to 200 fb , and this is clearly adequate. 

We also note that we could consider qq — > HW, H —> bb instead of pp — ► tiH, H — » bb. 
However this does not seem convenient since, for equal luminosity, the pp — * tiH, H —* bb 
channel can be measured with better accuracy and, together with pp — ► tiH, H — > t + t~, 
allows for a model independent measurement of yb/Ur- Of course, in a very high luminosity 
scenario both channels should be combined in order to obtain better accuracies. We note 
that for Mh > 140 GeV there is no channel that can provide a handle on r&. Both pp — > 
tiH, H — > bb and qq — ► Wff, H ^ bb can possibly be used up to 135-140 GeV, just to cover 
the entire spectrum of a light MSSM scalar Higgs boson, but not above 140 GeV. In fact, for 
the purpose of our study, we have extrapolated the existing analysis of pp — > tiH, H — > bb 
[ pjj ] from Mjj = 130 GeV up to Mh = 140 GeV, for the only purpose of covering the entire 
MSSM light scalar Higgs boson mass range. For higher masses, the determination of r& will 
remain a problem at hadron colliders. On the other hand, for the mass region Mh < 140 GeV, 
certainly the most interesting one for the scenario we address in this paper, we can use all 



channels listed in Eq. (3.3) and we will see how having the extra possibility of measuring 
pp — > tiH, H — ► t + t~ is indeed crucial. 

We start therefore by discussing the most interesting case of a Higgs boson with mass 
Mjj < 140 GeV. This will be indeed the main focus of our analysis. To be consistent with the 
picture developed up to here, we assume that the width of the Higgs boson is mainly saturated 
by the decays into bb, t + t~ , W + W~ , ZZ, gg, and 77. By using the set of measurements in 
Eq. (|3.3| ) , we can then solve a system of equations of the form given in Eq. ( |3.2[) , one for each 



channel in Eq. ( |3.3|) . The solution returns the values of the individual rates I\, Tf,, T T , T 
T g , and I 
out to be 



W i 



Tg, and T 7 as functions of the observables Zj and the total rate T. The individual Tj turn 



z?\z^ 



z[ w) 
z^ 



r* = r l/ ^ . (3-5) 
-Vf , 



ziyzw 

T T = ^^Vf 

7 {w) 



7 {w) 

7 (w) 
Am 



7(9). 7M 



7 {w) 
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while the total width T follows from the assumption that r = T b + T T + T w + T z + T„ + T 7 : 



7 (w) 



( 7 (t)\ 7 W 7 W 



(3.6) 



Furthermore, we note that we can express the decay rates for H — > gg and H — > 77 as 
the linear combination of terms due to the SM particles that contribute in the loop, plus an 
extra term that accounts for new physics heavy degrees of freedom. In other words we can 
write T g and T 7 as 

r, ~ 4 9) r t + 4 s)r & + A$y/TtF b + 5 g (3.7) 

where we have neglected all the contributions from SM particles that are below the level of 
accuracy expected on the measurement of T g and T 7 (20-30%), while we have indicated by 5 g 
and <5 7 the unknown loop contributions from new physics. Since we have factored the Higgs 
couplings square into the corresponding Tj's, we note that the coefficients a) 9,7 \ A^ 9 \ A^\ 
Aw \ and A^} only depend on Mh and on the mass of the SM particle in the loop. They 
represent the explicit contribution of the top quark, the bottom quark, and the W boson to 



the H — * gg or H — > 77 loop, and can be taken from the corresponding SM calculations [42]. 
Using the results in Eqs. (|3.5|) and fl3.6|) , the expressions of 5 g and <5 7 follow from Eq. (|3. 7|) • 
We first determine the relative accuracy on the width, and then use it to calculate the 
relative accuracy on the individual rates IV The uncertainty on T, and therefore on the 



M H (GeV) 




r 


r t 


r b 


r T 


r 

J- w 




r 7 


110 


MI 
BT 


42.6 
25.2 


12.5 

14.9 


47.5 
25.2 


30.4 
25.2 


20.4 
11.0 


35.5 
31.0 


28.5 
22.7 


120 


MI 
BT 


38.6 
19.4 


12.7 
15.7 


46.5 
19.9 


26.0 
19.9 


19.3 
9.6 


33.7 
29.3 


23.6 
16.7 


130 


MI 
BT 


36.0 
15.6 


16.0 
18.6 


50.8 
18.6 


24.6 
18.6 


18.2 
8.2 


32.7 
28.4 


22.0 
14.9 


140 


MI 
BT 


32.8 
12.1 


27.7 
25.1 


62.9 
19.6 


24.8 
19.6 


16.8 
7.0 


32.4 
28.6 


21.3 
14.8 



Table 4: Relative accuracy (%) for the total width T and for the individual I\ obtained in the 
model-independent scenario (MI) as well as in the scenario with Tb/T T = ysM (BT) at the LHC with 
200 fb _1 total integrated luminosity (100 fb _1 per detector). These values include the systematic 
theoretical errors. 
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individual rates Tj, is a complicated function of the uncertainties on the single experimental 
channels, that takes into account all theoretical correlations and relies on the assumption 
that the single Higgs branching ratios have a magnitude comparable to the SM Higgs. In 
principle, experimental systematics and correlations should also be taken into account, but 
this information is not yet available. The individual production cross sections are also affected 
by some theoretical uncertainties, mainly due to higher order radiative corrections. This 
can be estimated from existing calculations in terms of the residual renormalization and 
factorization scale dependence, and can be accounted for by adding a systematic error to the 



corresponding accuracies in Table ||. At the moment gg — > H [43] is affected by the largest 



theoretical uncertainty, of the order of 15%, while the theoretical uncertainties on pp — > ttH 



and qq — > qqH are of the order of 6% pq , 44, 45] and below 5% [46] respectively. To compare 



with the analysis done for the r& /T T = ysM case in Ref . , we assume the same conservative 
theoretical uncertainties of 20% for gg — > H, of 10% for pp — ► ttH, and of 5% for qq — ► qqH. 
Moreover, when comparing with the Tb/T T = ysM case, we will assume an error on ysM of 7%, 
due to the uncertainty on the b quark mass. Our results for the accuracy on the individual Tj 
are reported in Table [I], for Higgs masses Mjj = 110 — 140 GeV, and are illustrated in Fig. ||, 
both in the case when the systematic theoretical errors discussed above are included and when 
they are not. We prefer to present both results since some theoretical predictions may be 
improved in the future, and the accuracies obtained using the present systematic theoretical 
errors can be treated as upper bounds in future analyses. In the same figure we also show 
for comparison the accuracies that we obtain by following the same approach outlined above, 



but fixing the ratio Tb/T T = ysM, as done in Ref. || 20 1. In this case, the accuracies obtained 



on the individual Tj by including the theoretical uncertainties discussed in this Section show 



very good agreement with the results presented in Ref. [[2C], |21, 22 1. 

As expected, by removing some model dependent assumptions the uncertainty on the 
single T{ does not generally improve. It is however interesting to note that, due to the 
interplay between zj® and zff' in the error propagation analysis, the accuracy on Ft is 
reduced with respect to the model-dependent case, and is now definitely in the 10 — 20% 
range, even after all theoretical uncertainties has been taken into account. It is also useful 
to remember that the actual error on the couplings is half the error on the corresponding 
Tj, and therefore, the overall result of the model independent analysis is very encouraging, 
with accuracies on all couplings between 7% and 25%. Most of all, however, we would like 
to stress the impact of having included the pp — > ttH, H — ► t + t~ channel with two main 
considerations. First of all, we can now determine in a completely model independent way 
ratios of couplings like 

p y(t) -p 7 {t) y{w) 

Tv " W t. ~ WW • ( ) 

with accuracies of the order of 20-30%, as illustrated in Fig. ||. The only residual model 
dependence in the determination of the individual Z^ is in the assumption that the relation 
between WWH and ZZH weak boson fusion in qq — > qqH is SM-like. However, we note 
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Figure 3: Relative accuracy (%) on the individual rates Ti expected in the model-independent 
scenario as well as in a scenario with r;,/r T fixed to its SM value, at the LHC with \fs= 14 TeV. A 
total integrated luminosity of 200 fb" 1 (100 fb _1 per detector) is assumed. The upper plots show the 
accuracies obtained without including any theoretical systematic error, while the lower plots show the 
same accuracies when a systematic theoretical error of 20% for the gg — > H channel, of 5% for the 
qq — ► qqH, and of 10% for pp — > ttH channel are included. 



that both ratios in Eq. ( |3.8| ) do not actually depend on such assumption. In fact, only T t /T g 
depends on observables, but the model dependence in assuming T z /T w = zsm cancels 
between numerator and denominator. 



- 14 - 



Furthermore, we note that, by adding the pp — > Hti, H — > r + r~ channel, we provide the 
possibility of testing the r z /r w = z$m universality assumption even for M# < 140 GeV (!) by 
comparing the two ratios 

g(wH) „(w) 

at high luminosity of the order of 300 fb . Indeed, while the first ratio is always proportional 
to T w /T t , the second ratio is proportional to a combination of T w /Y t and T z /T t . The com- 
parison between the two ratios can therefore test the assumption that T z /T w = z$m- Using 
the accuracies listed in Table ||, both ratios in Eq. (|3.9|) can be measured at the 20-30% level 
depending on the value of Mh- 

Finally, we have studied the accuracy with which S g and 5 7 can be determined. We 
summarize our results in Fig. || where we plot the expected accuracy for different values of 
Sg/Tg and <5 7 /T 7 , and Mjj = 120 GeV. According to the definition in Eq. ( |3.7D , 5 g and 5 7 
represent contributions to the Hgg and #77 vertices that are not already accounted for in 
deviations of the Higgs couplings to the SM degrees of freedom. Therefore they account 
for loop effects from non-SM heavy degrees of freedom that do not affect the Higgs width 
directly. It is interesting to note from Fig. |5| that only deviations of the order of 50% or 
bigger will be measurable with sufficient accuracy. The curves plotted in Fig. || are obtained 
by allowing extra large 5 g or 5 7 contributions in either T g or T 7 , i.e. not in both at the same 
time. Therefore this plot contains some model dependence, and has to be taken just as an 
indication of the fact that it will be hard to measure small purely loop effects at the LHC 
through T g and T 7 . 

We conclude by examining the mass region 140 < Mjj < 180 GeV, where we consider the 
channels listed in Eq. ( |3.4j ). Unfortunately, unless a very exotic Higgs boson is discovered, 
case that is not considered in this analysis, no model independent way to determine the 
couplings of a scalar Higgs to both SM fermions and gauge bosons can be developed. In fact, 
none of the channels listed in Eq. ( |3.4|) will allow a measurement of the scalar Higgs boson 
couplings to the r lepton or to the bottom quark. The decays into the SM gauge bosons 
dominate and, as mentioned before, this offers the important possibility to precisely test the 
T z /T w = z S m assumption at the 20-30% level g, |(J. Moreover, since pp -> ttH, H -> WW 
becomes available, the ratio ^t/T g can be tested in a model independent way through a 
measurement of Z$ /Zw , although this will require luminosities of the order of 300 fb -1 for 
the measurement of Zw [p^| . Since the pp — > tiH, H — > t + t~ channel that we have studied 
in this paper cannot be measured with good accuracy for Mjj > 140 GeV, in this mass region 
our analysis follows the pattern of existing studies 0, ^0], [HI] to which we refer for more 
details. 

4. Conclusions 

In this paper we have studied the potential of the LHC to observe a relatively light scalar 
Higgs boson in the pp — > tiH, H — ► t + t~ process at -y/i = 14 TeV. The study has been 
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Figure 4: Relative accuracy (%) on the measurement of the ratios Tb/T T and Tt/T g without (top) 
and with (bottom) systematic theoretical errors. 



mainly done at the parton level, but taking into account detector energy resolution and with 
the correct simulation of r-leptons decays. Following the strategy outlined in Section § we 
have shown that for 100 fb _1 of total integrated luminosity one has 34-8 signal events for 
Mf/ = 110 — 140 GeV respectively, against about 12 background events. 

We have shown that one can use the pp — > tiH, H — > t + t~ process to measure the 
Ut x Vt product of Yukawa couplings. This is a crucial point, since the addition of the 
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5 / r , . V r 9 

Figure 5: Relative accuracies (%) for 5 g and <5 7 obtained in the model- independent scenario, for a 
scalar Higgs boson with Mh — 120 GeV, at the LHC with yfs = 14 TeV. We illustrate both the case 
in which systematic theoretical errors have been (dashed) and have not been (solid) included. A total 
integrated luminosity of 200 fb _1 (100 fb _1 per detector) is assumed. 

pp — ► tiH, H — > r + r _ channel to other already studied Higgs production channels allows to 
measure the y T and y& Yukawa couplings independently and removes the assumption of yb/yr 
universality used in all previous studies. This allows to be sensitive to non-trivial radiative 
corrections breaking the yb/y T universality in models of new physics beyond the SM, notably 
Supersymmetric models. 

For the case of a light scalar Higgs boson, with mass Mh < 140 GeV, we have shown how 
to derive the accuracies on the measurement of the width and of the individual yt, yb, 2/t, Vw, 
y g , and y 7 couplings to SM fermions and gauge bosons. As an example, we have presented 
the numerical values of these accuracies for a SM-like scenario. Results are encouraging, even 
when all known systematics are taken into account. Accuracies of the order of 10-20% are 
expected for most couplings. In this scenario, the ratios of yb/y T arid yt/y g can be measured 
in a model independent way, with accuracies that also fall in the 15-20% range. In addition, 
adding pp — > Hti, H — > t + t~ provides the possibility of testing the y z /yw universality for 
Higgs boson masses Mh < 140 GeV. 

We have also investigated the sensitivity to non SM particles contributing to the Hgg or 
Hjj loop- induced vertices, and determined that only very large deviations, of the order of 
50% or more, will be measured with sufficient accuracy. 

Our final results, presented in Table Q and illustrated in Figs. ||-[|, show that a study 
of the pp — > tiH, H — > r + r _ process allows us to make an important step towards a model 
independent measurement of the couplings of a light scalar Higgs boson at the LHC. 
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